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Abstract
The UCNA Experiment at the Los Alamos Neutron Science Center (LANSCE) uses an electron
spectrometer to observe angular correlations between the neutron spin and the momenta of β particles
emitted during the process of β decay. These angular correlations give rise to an asymmetry determined by
the ratio of two coupling constants, gA and gV . Combined with neutron lifetime measurements, these
observations probe physics beyond the standard model through unitarity tests of the
Cabbibo-Kobayashi-Maskawa Matrix. UCNA’s current spectrometer uses a multi-wire proportional
chamber and a plastic scintillator coupled to four photomultiplier tubes (PMTs) by 2 meters of light guides
to record energy, position, and time data. The UCNA Collaboration is exploring ways to modernize the
detector package using silicon photomultipliers (SiPMs) to increase the sensitivity of the experiment. The
new configuration of the spectrometer is expected to improve systematic uncertainties; namely the 2 meter
path the produced light must travel to reach the PMTs and the SiPMs’ quantum efficiency being a factor
of 2 greater than the prior PMTs’. The subject of this paper is a prototype detector for evaluating the
SiPMs as the only detectors present, the goal being to compare the position and energy resolution with
that of the current spectrometer in use at UCNA.

1

1

1

INTRODUCTION

Introduction
β decay is a natural phenomenon that occurs in radioactive nuclei to release excess energy spontaneously.

This form of radioactive decay is characterized by the emission of an energetic electron or positron, called
the beta particle. Beta decay of a neutron (n) into a proton (p), electron (e), and an anti-neutrino (v̄) is
defined by the equation: n → p + e + v¯e . Free neutrons have a lifetime of 877.75(±0.28) seconds [1], allowing
researchers to manipulate them for a generous amount of time before decay occurs. The fact that neutrons
are electrically neutral and are nuclei made up of a single nucleon makes them an important resource in
probing the inner workings of nucleons as characteristics can be observed directly without the presence of
structure effects. The neutron and proton are both hadrons, comprised of triplets of quarks. The neutron
contains two down (d ) quarks and one up (u) quark. During the neutron’s β decay, one of the down quarks
changes states into an up quark, producing a proton (uud ). The quark’s transition is governed by the charge
current of the weak interaction. This down quark’s change in state is mediated by the release of a virtual
W − boson which immediately decays into an electron and an electron-type anti-neutrino, as shown below
in Figure 1.
u

u
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u

n0 d
d
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Figure 1: Quark level Feynman diagram showing beta decay of a neutron (n0 ) into a proton (p+ ).

Probing this process is of high importance to physicists searching for new physics beyond the current
Standard Model. Today, three generations of quarks are known to exist. In the early 1970s, Makoto
Kobayashi and Toshihide Maskawa elaborated on Nicola Cabbibo’s quark mixing matrix [2] by adding the
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third generation of quarks and creating the Cabbibo-Kobayashi-Maskawa (CKM) Matrix [3] shown below.




VCKM

 Vud


=
Vcd δCKM


Vtd δCKM

Vus
Vcs δCKM
Vts δCKM

Vub δCKM 


Vcb 



Vtb

(1)

The CKM matrix mixes a quark’s mass basis to the weak basis to describe the weak interaction in
hadrons. δCKM represents the complex phase of certain elements in which charge-parity violation could
occur. Each element of the CKM matrix describes the coupling between two quark flavors. Vud is specific
to the process od neutron β decay, as these are the only quarks present in the interaction. This matrix
must be unitary, meaning the product of the CKM matrix and its complex transpose must produce the
H
identity matrix (VCKM VCKM
= I), providing a very simple test for physics beyond the standard model.

The expression shown below is the leading test of the CKM’s unitarity.

|Vud |2 + |Vus |2 + |Vub |2 = 1

(2)

The magnitude of Vud can be determined from the mixed Gamow-Teller interactions that describe neutron
β-decay, and is given by

|Vud |2 =

4908.7(1.9)[s]
.
τn (1 + 3λ2 )

(3)

The value of Vud must be determined experimentally. From Equation 3, we see the magnituide of Vud
is determined by the parameters τn , the neutron lifetime, and λ. The Los Alamos Neutron Science Center
(LANSCE) has developed two experiments to measure these parameters; the UCNτ and UCNA Experiments,
respectively. The UCNτ experiment just published new results to reach an uncertainty of 0.039%, reducing
the uncertainty by a factor of 2.25.[1]
In the 1950s, parity was thought to be conserved in all interactions by theorists. Experiments probing
the weak interaction found that this was not true in the case of the weak interaction.[4] These conclusions
brought about the need for parity violating models that were Lorentz invariant. The models that came
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about were the vector, axial-vector, scalar, pseudoscalar, and tensor interactions, along with certain linear
combinations of them. The weak interaction’s experimental results agreed with the V − A structure put
forth by Richard Feynman and Murray Gell-Mann in 1958.[5] λ is defined as the ratio between axial-vector
and vector coupling constants (λ = gA /gV ) of the weak interaction. According to the Conserved Vector
Current hypothesis, gV is set equal to unity (gV = 1)[5]. The previously stated V − A hypothesis means the
axial-vector strength should be equal and opposite to gV (gA = −1). One way to determine λ is to observe
angular correlations between the neutron’s spin polarization and the ejected electron’s momentum, dubbed
the β-asymmetry parameter A as seen in




dΓ
p~e · p~ν
p~ν
p~e × p~ν
me
p~e
2
.
∝ pe Ee (E0 − Ee ) × 1 + b
+a
+ h~σn i · A
+B
+D
dEe dΩe dΩν
Ee
Ee Eν
Ee
Eν
Ee Eν

(4)

Equation 4 describes the directional distribution of momenta related to neutron polarization hσ~n i during
β decay, where e, ν, and n refer to the electron, antineutrino, and neutron, respectively; E and ~p are the
energy and momentum.[6] To first order, A is a function of λ alone according to equation 4. If λ is assumed
to be less than zero, A0 takes the form

A = A0 (1 + a0 +

A0 = −2

a−1
+ a+1 Ee )
Ee

λ(λ + 1)
.
1 + 3λ2

(5)

(6)

After the neutron lifetime has been experimentally measured to a significantly low uncertainty as in [1],
Equation 3 becomes solely based on neutron β decay and therefore the asymmetry parameter A0 .

UCNA Experiment
The Ultracold Neutron Asymmetry (UCNA) Experiment uses ultracold neutrons produced in the LANSCE UCN source and is the only UCN based β asymmetry experiment.[7] The source uses a high energy
pulsed proton beam (800 MeV) incident on a tungsten target to produce spallation neutrons. Those neu-
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trons are then cooled to under 340 neV by inelastic scattering in a cold moderator consisting of high-density
polyethylene beads at a temperature of 40K and a volume of solid deuterium (SD2 ) conversion crystal maintained between 5-10K. The UCN are then directed through a series of stainless steel guides with a higher
Fermi potential than the UCN energy, inducing specular scattering between the neutron and the container
when the condition
sinθ ≤ (V /E)1/2

(7)

is met. In Equation 6, θ is the angle of incidence, V is the potential of the barrier, and E is the energy of
the neutron[8]. After leaving the source, the UCNs encounter a thin zirconium foil in the center of a 6.0Tesla superconducting solenoidal prepolarizing magnet (PPM). The foil separates the source vacuum from the
guide vacuum and filters out UCNs that lack the energy to punch through. The UCN population is polarized
by taking advantage of the interaction between the neutron’s magnetic moment and static magnetic fields
~ The magnetic moment of neutrons is opposite their spin, implying that UCNs with spin aligned with
(−~
µ · B).
the field will see a positive potential while the UCN population that have spins anti-aligned to the magnetic
field will be reflected. The PPM initially polarizes the UCN population, repelling neutrons with spin antialigned to the field. To retain this polarization, electropolished copper guides were installed between the
PPM and the primary 7.0 T polarizing (AFP) magnet. The AFP magnet tapers to a 1.0 T region where the
neutrons are passed through a birdcage resonator and 100 cm diamond-like carbon coated quartz to undergo
adiabatic fast passage (AFP) spin flipping. A detailed explanation of the spin-flipper can be found in [9].
In the spin flipping region the neutron’s spin can be flipped by π, allowing researchers to investigate both
spin’s decay and create a super-ratio asymmetry, essentially removing any artificial asymmetry due to each
detector’s efficiency. The arrangement of magnets leading up to the decay trap gives UCNA’s polarization
population a value of > 99.9%. [10]
After exiting the AFP magnet, the UCNs enter the 1.0 T superconducting solenoidal magnet (SCS) where
the asymmetry is measured. The decay trap consists of a 3-meter long Cu guide in the bore the SCS magnet,
which opens up on the ends to 0.6-T to reduce back-scattering events from β particles. Each end of the
decay trap houses an electron spectrometer which will be discussed in the next section. There are four 3 He
detectors along the guides that are used to test the UCN density and polarization just outside of the source
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before the PPM, after the PPM, after the spin-flipper, and in the decay trap volume. A measurement of A
can be determined from the count rate asymmetry between the ends of the spectrometer. The experimental
value for A, Aexp , is given by the equation

Aexp (Ee ) =

N1 (Ee ) − N2 (Ee )
= Pn Aβhcosθi,
N1 (Ee ) + N2 (Ee )

(8)

where Pn is the neutron polarization, β is the electron’s speed relative to c, hcosθi is the average value of cosθ
accepted by both spectrometers, and N1 and N2 denote the number of β’s detected by each detector.[11]

Figure 2: Detailed schematic of the decay trap and UCN transport system (bottom right). Picture taken
from [12].

The first measurement of A by the UCNA Collaboration was published in 2009 [12] from measurements
made in 2007. This was a study which was performed to prove the β asymmetry parameter could be
accurately determined using UCNs. Once that proof-of-principle was established, the UCNA team began
working on reducing systematic uncertainties. Larger data runs were performed in 2008, 2009, and 2010,
and the results are reported in [13],[14],[15] respectively. Modifications were made to the spectrometer in
2012, leading to two more data sets in 2012 and 2013 which were analyzed for the next five years.[10] The
combined data set resulted in A0 = −0.12015(34)stat (63)syst and λ ≡

6

gA
gV

= −1.2772(20).
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Current Electron Detector Package
UCNA’s electron spectrometer records position, energy, and time data through the use of two different
detectors: a plastic scintillator coupled to four photomultiplier tubes (PMTs) and a multi-wire proportional
chamber. Figure 3 (below) shows a diagram of the detector package in its whole.

Figure 3: Cross sectional diagram of the UCNA detector package from [11].

1. Multiwire Proportional Chamber

The MWPC’s housing is made of aluminum and contains the enclosed gas and wire arrangement. Gas
filled chambers are used to reduce the fraction of backscattering events by excluding β particles that don’t
have enough kinetic energy to hit the scintillator.[16] Neopentane (C5 H12 ) was chosen because it can be kept
at low pressure and is a heavy molecule with a low number of protons. The entrance and exit windows had
to be made extremely thin, demanding the contained gas in the MWPC be kept at a low pressure of 100
Torr to reduce the pressure difference from the decay trap vaccum (∼ 10−5 Torr). The windows were made
to be 15 cm in diameter, made of 6 µm thick aluminized Mylar. The entrance window was reinforced with
200 denier Kevlar to hold up against the pressure difference from the decay vacuum.
Three layers of wires are used to collect a signal from incoming β’s. An anode wire plane was placed
between two cathode planes with 10 mm spacing on each side. The anode plane consists of 64 gold-plated
tungsten wires 10 µm in diameter spaced 2.54 mm apart. This anode had a single readout to be used as the
MWPC’s energy collection. The two cathode planes were each made up of 64 gold-plated aluminum wires
50 µm in diameter with the same spacing but constructed perpendicular to one another. Four wires on the

7

2

EXPERIMENTAL SETUP

cathode planes were grouped together to be a readout, yielding 16 readouts for each plane. These cathode
planes were used for the MWPC’s position signal from incoming β’s. The MWPC provided a position
resolution of under 2 mm.[14]

2. Plastic Scintillator Detector

β particles that make it through the MWPC are incident on an Eljen Technology EJ-204 plastic scintillator
15 cm in diameter and 3.5 mm thick. The EJ-204 has a peak wavelength emission of 408 nm. Twelve
rectangular strips of 39 mm wide × 10 mm thick ultraviolet (UVT) transmitting light guides were edge
coupled via optical grease to the scintillator. After a 90◦ turn, each quadrant’s three light guides join into
clusters and are coupled to a 2 inch PMT (four for each detector) around 1 m behind the detector. The
UCNA Collaboration chose to use Burle 8850 PMTs with a peak quantum efficiency at 420 nm. The UVT
light guides were also chosen because their index of refraction, 1.49, is similar to that of the plastic EJ-204,
1.58.[11] The PMTs in this configuration could give an incident electron’s position within a few centimeters.

2

Experimental Setup

Proposed Electron Detector Package
The UCNA Collaboration is attempting to reach ≤ 0.2% precision with the second iteration of the UCNA
Experiment, UCNA+. One improvement that could be made to the experiment is updating the scintillator
detector with an alternative photomultiplier. A detector capable of recording position, energy, and time
data simultaneously would remove the need for the MWPC preceding the plastic scintillator. Removing the
MWPC seems to be the most efficient way to reduce systematic uncertainties, as its placement increases the
chances of incoming β’s backscattering off of the apparatus.

1. Silicon Photomultipliers

Silicon photomultipliers (SiPMs) offer a solution which is much more precise than PMTs with the ability
to detect single photon events. Our choice for evaluation, the Sensl C-Series SiPMs, also boasts a photon
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detection efficiency a factor of 2 greater than the Burle 8850 PMT’s at their peak wavelengths, which are both
at 420 nm. This study aims to evaluate the resolution of Sensl C-Series SiPMs as the only photodetectors
present in a plastic scintillator detector, with the goal being that they provide a position resolution similar to
that of the MWPC’s on the scale of a few millimeters. SiPMs are compact solid-state detectors that can be
operated at low voltage and provide extremely high resolution while maintaining low noise. Another benefit
to their solid-state characteristic is the ability to operate within UCNA+’s magnetic field. This removes the
need for the light guides to distance the prior PMTs, which were unable to operate in the high magnetic
field of UCNA. The Sensl C-Series SiPMs being evaluated are 3 mm × 3 mm with 35 µm microcells. With a
microcell fill factor of 64%, a total number of 4774 microcells fit on one 3 mm SiPM detector. Each microcell
is a single-photon avalanche diode (SPAD) capable of creating a signal from an individual photon. Each
cell has a maximum breakdown voltage of 24.7 V which can be complemented with an overvoltage of 5.0 V,
resulting in an efficient draw of around 29 V. [17]

Figure 4: The EJ-200 Plastic Scintillator’s Emission Wavelength (blue) and SensL C-Series SiPM’s photon
detection efficiency (red) compared.

2. EJ-200 Plastic Scintillator

The Eljen EJ-200 plastic scintillator has a maximum emission at a wavelength of 425 nm, complementing
the Sensl SiPMs very well. This plastic scintillator also boasts a scintillation yield of 10 photons per keV
of incident β energy. Without the need for space to house the light guides in UCNA, the diameter of the
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scintillator has been increased to 17.25 cm and the thickness held constant at 3.5 mm. 128 SiPMs will be edge
coupled to the 16-sided scintillator via optical grease. A rendering of the scintillator and SiPM arrangement
are pictured in Figure 5.

Figure 5: A rendering of the detector package from GEANT4 simulation. The pieces that make up the
scintillator are yellow objects and the SiPM Detectors are red.

In an ideal case, the light produced by the incident beta particle would hit in the center of the scintillator
and each SiPM would capture the same amount of photons. This can be represented mathematically as the
weighting between the opening angle of each detector being equal. The actual experiment will not produce
this result, and that gives insight into the beta’s incident position on the face of the scintillator. This opening
angle can be found by taking the dot product of two vectors corresponding to the edges of the detector given
by
1
cos−1
wi (x0 , y0 ) =
2π

[(x
− x0 )x̂ + (yi+1 − y0 )ŷ] · [(xi − x0 ) + (yi − y0 )ŷ]
p i+1
p
(xi+1 − x0 )2 + (yi+1 − y0 )2 (xi+1 − x0 )2 + (yi − y0 )2

!
.

(9)

The board index k ∈ [0, 15] and detector index j ∈ [1, 8] along with the angle θ = 11.25◦ , the radius of
the scintillator (ρ = 8.974 cm), and the spacing between SiPMs (l = 4.2 mm) give the x, y location of a
detector’s leading edge.

xi = ρ cos(j · 2θ) − lksin(θ(1 + 2j))
(10)
yi = ρsin(j · 2θ) + lkcos(θ(1 + 2j))
The specific SiPM index is given by i = j × 8 + k. Combining Equation 8 with the attenuation length of the
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scintillator (l = 380 cm) and the mean distance to the ith SiPM hRi i

Wi (x0 , y0 ) = wi (x0 , y0 )e−hRi i/l

(11)

defines the amount of light incident on the SiPM in question. By using the scipy.optimize.minimize
function with Equation 8 and the collected photons for each SiPM as arguments, the algorithm determines
the incident β position (x0 , y0 ) that would produce the same weighting scheme.

3. Dark-box and Source Positioner

The darkbox consists of a 24” x 24” x 1/2” box, a ThorLabs MB18 solid aluminum breadboard (18”
x 18 ” x 1/2”), and an OpenBuilds ACRO 55 system (20” x 20”). The darkbox is used to shield the
experiment from ambient light and therefore reduce noise. The breadboard is used to mount components of
the experimental setup. The ACRO 55 system is to be used as a radioactive source positioner, allowing data
to be taken over the face of the scintillator. The three motors on the ACRO system are controlled by an
Arduino Uno motor shield and mediated by a Python script. This python script executes commands to the
Arduino to stagger time intervals between preset positions while taking data. A scintillator table and source
mount were 3D printed to fit the mounting holes of the breadboard and y-axis mount. Three iterations of a
source collimator were also 3D printed with heights of 1/4”, 1/2” and 1”.
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Figure 6: Picture of the darkbox setup in ETSU’s Experimental Nuclear Physics Lab. The source mount is
on the ACRO system’s xy scanner, the scintillator table is mounted in the middle of the ThorLabs optical
breadboard, and the Arduino is housed in a 3D printed box in the bottom left of the box.

The source positioner and collimator can be understood graphically in Figure 6, where h1 is the distance
from the source to the bottom of the collimator and h2 the distance between the collimator and the face of
the scintillator. Solving for r2 gives a rough estimate of the area on the scintillator incident β’s should be
seen.

Figure 7: Graphic showing the relationship between collimator height and area incident on scintillator face.
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h1
h1 + h2
=
p1
p1 + p2

sin(θ) =

r1
r2
=
p1
p1 + p2

r2 =
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(12)

r1
(h1 + h2 )
h1

The face of the scintillator was measured to be 10.2 cm from the optical breadboard surface, and the
bottom of the source mount 11 cm away, setting h2 = 0.8 cm. The radius of the opening in the collimator
was measured to be r1 = 0.7 cm. Plugging in the available collimator heights into Equation 11 produces
estimated incident areas β particles should be incident on the scintillator, and are reported in the table
below.
Height h1

Incident Radius r2

Incident Area π(r2 )2

1/4”

1.58 cm

7.84 cm2

1/2”

1.14 cm

4.08 cm2

1”

0.92 cm

2.66 cm2

Table 1: Values of Collimator Height and Respective Areas on Scintillator Face

4. DAQ and Electronics

The data aquisition system (DAQ) used to evaluate the detector package is a CAEN DT5550W motherboard and four CAEN A55CITx piggyback boards. Each piggyback board houses a CITIROC 1A WeeROC
ASIC field programmable gate array (FPGA) specially designed for the readout of SiPM configurations.
One ASIC chip correlates to four SiPM boards in a quadrant of the scintillator. A SiPM board houses eight
SiPM detectors with individual circuits. The circuits used in this evaluation are based off of circuits in [18]
and shown in Figure 8. The first capacitor acts to suppress noise from the power supply and locally store
charge for the SiPM to draw from after an excitation. Leading up to the SiPM, the current is sent through
a bias filter. Once an incident photon liberates an electron in the SiPM diode, a current is induced in the
SPAD. If the timing or charge threshold is met, the DAQ is triggered to record all of the SiPMs’ signals.
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50 Ω

10 nF

SiPM

50 Ω

V+

10 nF

50 Ω
Signal
Figure 8: Circuit diagram of an individual SiPM circuit.

The 128 SiPM signals are filtered through the 14-bit ADC in the ASIC chips and recorded in the DAQ,
which also serves as the power supply for the SiPM detectors. The FPGA ASIC chips have been custom
programmed for evaluation to allow for an 800 ps trigger time. These chips have an 80 MS/s sampling rate,
which requires a ”Sample and Hold” operation to record fast signals such as in this experiment.

3

GEANT4 Simulations and Expectations

1. Specifications

Simulations of the proposed electron detector package were performed through an extension of GEANT4
dubbed ”GEARS” provided by Dr. Jing Liu from the University of South Dakota’s Physics Department.
The scintillator’s physical characteristics were made by combining 16 polyvinyltoluene trapezoids with the
parameters x0 = 0, xf = 1.716 cm, y0 = 1.75 mm, yf = 1.75 mm, z = 4.313 cm. The optical parameters
for the scintillator are a scintillation yield of 10 photons per keV, fast time constant of 2.1 ns, slow time
constant of 2370 ns, refractive index of 1.58, yield ratio (fast component to slow component) of 0.96, and an
attenuation length of 380 cm based on the EJ-200 parameters and findings from [19]. The emission spectrum
of the EJ-200 scintillator provided by Eljen Technology was also incorporated.
The SiPM detectors were placed on the outer edge of the scintillator pieces in accordance with the
proposed package (Figure 5). The detectors were made to be silicon G4Box with the physical parameters
x = 0.5 mm, y = 2 mm, and z = 2 mm. The optical parameters were set as a refractive index of 1.5 (similar
to scintillator but not exactly) and an attenuation length of 1 nm to simulate the photon being captured.
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The collected photons were given a weighting from 0-1 based on the SiPM’s PDE spectrum and the incident
ray’s energy to replicate the quantum efficiency of the detectors.

2. Calibrations

The initial calibrations of the G4 electron detector are based on repeated simulations of incident β’s at
the center (0,0) of the scintillator. An example of a 300 keV β simulation with 1000 events is shown below
in Figure 6.

Figure 9: Data collected from an incident β with 300 keV of energy striking (0,0) 1000 times. (Top Left)
Histogram of the number of photons collected every run. (Top Right) The reconstructed position on the face
of the scintillator from every run. (Bottom Left) The average number of weighted photons collected by each
SiPM detector. (Bottom Right) The difference between the reconstructed x and y positions and the true x
and y positions to show the accuracy of the fit.

Replicating this simulation for energies of 100-800 keV in 100 keV intervals and performing a linear fit

15

3

GEANT4 SIMULATIONS AND EXPECTATIONS

results in the calibration equations

Kinetic Energy (weighted) = (Nphotons ) ∗ 0.29526 + 0.96862
.

(13)

Kinetic Energy (unweighted) = (Nphotons ) ∗ 0.21346 + 0.9654

Figure 10: Linear fit of N-photons v. incident energy for (0,0) hits.

As the position of the incident β is moved away from the center of the scintillator, this linear calibration
falls short due to the expected number of photons collected changing. Figure 8 displays a histogram of a
400 keV’s determined electron energy striking ten incrementing positions on the face of the scintillator. The
contribution from positions that differ from (0,0) shifts the Gaussian away from the point of interest, the
true energy of the electron.
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Figure 11: Counts of determined energy for a 400 keV β moving across the face of the scintillator.

To improve upon this fit, an x-y map of the number of photons collected versus the incident radial position
was made as a standard. This map is shown in Figure 9(a) with linear fits for each distinctive energy. The
distinct bands for a certain energy value can clearly be seen in the figure. Normalizing each linear function
to the intercept point allows for comparisons between them. Figure 9(b) shows the normalized slope of the
fit for each energy used to make the photon map. This result implies the change in the number of photons
collected as the incident position deviates from the center of the scintillator is based on the geometry of the
system.
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Figure 12: (a) An x,y map of reconstructed radial position and number of photons collected for energies
100-600 keV in 100 keV intervals. (b) Plot of normalized slopes versus incident energies showing different
input energies respond similarly over the face of the scintillator.

This dependence on radial position can be used to scale the number of photons collected and incorporated
into the calibration equation according to

Kinetic Energy = 0.29526 ∗

Nphotons
+ 0.96862
Nphotons (r)

(14)

where Nphotons (r) is the normalized number of photons according to the linear fits produced from the
xy map. This calibration drastically improves the reconstructed energy of incident electrons, as shown in
Figure 10.
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Figure 13: Histogram of reconstructed energies comparing the purely linear fit (red) and the linear fit with
radial scaling (blue).

3. Position Reconstruction

The first case of interest is the incident β approaching the middle of the detector board, when Equation
and 9 have the values (x, y)=(8.646,1.648) cm and the SiPM index is (j, k)=(0,4). One thousand particles
of varying energies were simulated striking ten different positions approaching the detector (j, k)=(0,4) for
a total sample of 10,000 events. This procedure was repeated for ten different positions for the second case
of interest, the position reaching out into the edge of two detector boards. The SiPM index in this case is
(j,k)=(15,8) and position (x,y)=(8.9464,-0.13876) cm. The incident β’s position resolution was found from
the distribution’s standard deviation in x and y of one thousand similar events according to

σradial =

q

σx2 + σy2 .

(15)

The corresponding characteristic under investigation in these simulations is the accuracy of the reconstructed
position. The benefit of performing these simulations is the incident position of the β is known, and therefore
the accuracy can be directly observed. The same sample set was analyzed and for each incident particle
the reconstructed position result was subtracted from the average incident position in x and y, resulting in
one radial result per particle. For each of the ten positions, the accuracy was averaged and the standard
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deviation in x and y calculated to give a radial uncertainty according to Equation 14 as in the previous
result.

(a)

(b)

Figure 14: (Top Row) Two-dimensional histograms of the reconstructed radial positions for both cases in
question. (Middle Row) The radial position resolution for varying energies and positions. (Bottom Row)
The radial accuracy of the reconstructed positions from the same sample set of simulation data.
20
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In both cases, it is clear that the position resolution increases exponentially with energy. In Case 1,
the position resolution also increases as the incident position approaches the edge of the scintillator face.
Case 2’s position resolution is more varied with position, because on the edge between two detector boards
the algorithm must assign a point on one of the two sides the particle is actually incident. Near the most
prevalent β energies seen in neutron β-decay (≈ 250-350 keV), the position resolution is less than half a
centimeter in both cases. Using the two cases as an upper (Case 1) and lower (Case 2) bound on position
resolution spells a very promising result when compared with the MWPC of UCNA, specifically towards the
edge of the scintillator face where the resolution rivals that of the MWPC.
The position accuracy appears consistent across the simulated energies and when averaged for each
position and energy as in Figure 13, is less than 2 millimeters. The errorbars plotted in Figure 13 are the
radial standard deviations in accuracy based on each position and reflect the resolutions seen previously in
the middle row of Figure 13.
A global average can be determined by combining the sample sets from Case 1 and Case 2 and weighting
the results based on the neutron β-decay spectrum. The results for standard deviation of reconstructed
positions in x and y and the position accuracy were weighted and averaged according to

x=

Σxi wi
Σwi

(16)

Figure 15
where x can stand for either result. A radial result was calculated as in Equation 14 and the weighted average
result was 0.8(±2.94) mm. This correlated sum represents the maximum amount of error incorporated to
show a worst-case scenario.
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Preliminary Data
Enough channels were added to the experimental setup to take very basic point of principle observations.

A CAEN 400 nm LED light driver was mounted to the xy source mount with 23 active SiPM channels
coupled to the scintillator. The LED’s frequency was set to 1 kHz with a square wave generator and placed
in five successive positions from the middle of the three SiPM boards to the opposite side. The time trigger
of the ASIC chip was set to 525 in least significant bit (LSB) time and each channel’s signal was set to a
high gain of 35 on the CAEN firmware.

Figure 16: A histogram of five successive positions incident on the scintillator face. ’Pos 1’ is the closest
position and ’Pos 5’ is the farthest from the SiPM boards.

Figure 16 (above) is a histogram of each event’s total sum of ADC charge registered by the SiPM. Position
1 is the closest and position 5 is the farthest from the SiPM boards, showing that as the source is displaced
further from the detectors less light is collected, as expected.
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Figure 17: Two event rate histograms using the 1 kHz laser at Position 1 and Position 3.

The figures above show a histogram of events recorded per second when the CAEN laser is closest to the
detectors and in the center of the scintillator, respectively. Considering the frequency of the laser is 1 kHz,
one thousand events per second should be expected. It also makes sense that in the center of the scintillator
more events are collected, as this position is closest to the ”ideal” case. These data sets were taken before
any kind of optimization was applied to the data acquisition system and show the SiPM circuits produce
expected results.

5

Future Plans
The next steps in simulations are to investigate the position resolution as a function of surface roughness

and investigate the prevalence of backscattering events. An attempt was made to simulate a variety of surface
roughness values using GEANT’s optical surface feature with a plastic-air boundary, but was shown to have
no effect. A second scintillator could be added in GEANT above the one used in the reported simulation to
identify backscattered β, as well as simulate the UCNA+ Collaboration’s proposal of two detector packages
on each end of the spectrometer.
As more SiPM boards are made the same analysis will be adapted for the DAQ’s data output. Code
will be developed to facilitate automated data taking between the CAEN firmware and Arduino positioner.
Identifying Strontium-90’s endpoint energy and mapping its spectrum are of high importance, as well as the
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opportunity to obtain a sample of Tin-113 which has a well defined energy spectrum. The most pressing
goals over the coming months will be to assemble the rest of the SiPM detector boards and benchmark the
detector’s real position resolution and accuracy using the collimators and source positioner.
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